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Czochralski-grown Si1−xGex bulk crystal x=0.085 was utilized as a substrate for strained Si-based
quantum wells QWs. The linewidth of the 400 x-ray rocking curve of the SiGe100 substrate
was comparable with that of the Si100 substrate, and no peak splitting was observed in the line
scan all over the substrate. Epitaxial growth of strained QWs designed as a couple of strained
Si/strained Ge QWs have been attempted simultaneously on SiGe100 and Si100.
Photoluminescence measurements revealed that the sample on SiGe100 exhibits peaks from
excitons confined in QWs without any dislocation-related luminescence in contrast to that on
Si100. © 2007 American Institute of Physics. DOI: 10.1063/1.2735286
Strain engineering in group-IV heterostructures are of
great scientific and technological interest and played an im-
portant role for successive improvements in electronic and
optical properties. For example, high carrier mobilities have
been achieved in tensilely strained Si Ref. 1 and compres-
sively strained Ge.2,3 Furthermore, tuning of band gap and
band alignment by taking strain into account lead to the ob-
servation of intense photoluminescence PL from a couple
of strained Si/strained SiGe quantum wells QWs, which are
referred as neighboring confinement structure,4 electrolumi-
nescence from quantum cascade structures,5 quantum con-
fined Stark effect in strain-compensated multiple QWs,6 and
so on. As in the case of these examples, strains are generally
introduced by epitaxial growth on a SiGe virtual substrate to
consist of strain-relaxed SiGe film grown on Si. Several
methods to obtain high-quality SiGe virtual substrates have
been proposed including compositional grading technique,7
low-temperature buffer method,8–10 the use of ion
implantation,11,12 and so on. However, misfit dislocations are
inevitably introduced due to the lattice mismatch between
SiGe and Si, leading to the structural imperfections such as
fluctuation in the orientation and the strain.13 These imper-
fections would give negative impact on heterostructures on
the SiGe virtual substrate.
A straightforward approach to improve the structural
perfection is to utilize SiGe bulk crystal as a substrate. The
key toward this goal is to establish a crystal growth tech-
nique to realize SiGe bulk crystal with uniform composition
by somehow keeping growth temperature constant and
avoiding depletion of Si in the SiGe melt.14–21 Czochralski
CZ method to utilize a large amount of SiGe melt, and a
resultant large heat capacity, is one of the methods to sup-
press temperature variation during growth. In addition, the
so-called Dash necking method can be applied to reduce
grown-in dislocations.
In this letter, we report on our attempt to utilize CZ-
grown Si1−xGex bulk crystal x=0.085 as a substrate for het-
eroepitaxy of strained Si-based QWs. The crystal quality of
the SiGe100 substrate was revealed to be good based on
the line scan of x-ray rocking curve measurements across the
wafer. Strained QWs, which are designed to consist of a
couple of strained Si/strained Ge QWs, on SiGe100 exhib-
ited intense PL without any dislocation-related luminescence,
while dislocation lines were dominant in the PL spectrum
from the sample on Si100. These results show that
CZ-grown SiGe bulk crystal is promising for potential use as
a substrate to realize strain-controlled quantum structures for
improvements in material properties and device
performance.
CZ growth of SiGe bulk crystal was started with Si100
or Ge100 seeds depending on the target composition in a
flowing Ar gas atmosphere.22 Details in the growth condi-
tions and fundamental properties of the CZ-grown SiGe bulk
crystals have been reported elsewhere.23 It should be com-
mented that full single crystals of large size i.e., larger than
25 mm in diameter and longer than 40 mm in length have
been grown so far for either Si-rich side 0x0.27 or
Ge-rich side 0.85x1.
In this research, Si-rich Si0.915Ge0.085 substrates were
prepared from a CZ-grown SiGe bulk crystal. First, the ingot
was cut into two pieces along the 100 growth axis, and then
one of the half was sliced perpendicular to the growth axis
into many wafers with a thickness of 1 mm. By mechanical
and chemomechanical polishing, the mirror surface was ob-
tained. Epitaxial growth was carried out in a gas-source mo-
lecular beam epitaxy system AirWater VCE S2020 using
disilane and germane as source gases. Si100 and
Si0.915Ge0.085100 substrates were simultaneously loaded
into the growth chamber. As quantum structures to test the
usefulness of the CZ-grown SiGe substrate, we employed a
pair of tensilely strained Si nominal coverage of 11 ML and
compressively strained Ge nominal coverage of 3 ML QWs
between 250-nm-thick Si0.915Ge0.085 barriers. In addition to a
single pair of QWs, samples with ten pairs of QWs were also
grown. In these heterostructures, electrons and holes are
separately confined in very thin Si and Ge layers, respec-
tively, and a large overlap between wave functions of elec-
trons and holes is expected, which is advantageous to in-
crease radiative recombination. Structural characterizations
were performed by x-ray diffraction with an incident beam
diameter of 2.0 mm. PL measurements were carried out at
9 K using a standard lock-in technique with a liquid-aElectronic mail: usa@imr.tohoku.ac.jp
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nitrogen-cooled Ge photodetector North Coast EO-817L.
The 532 nm line of a second harmonics of Nd:yttrium alu-
minum garnet laser was used as an excitation source.
Figure 1a shows comparison of x-ray rocking curves
 scan of 400 diffraction from Si dotted line and SiGe
solid line substrates. In order to compare the line shape, the
peak intensity was normalized and the peak angle was de-
fined as zero. It is seen that the linewidth of the curve from
the SiGe substrate is only slightly broader than that from the
Si substrate, and is almost uniform all over the sample, as
shown in Fig. 1b. Importantly, no peak splitting was ob-
served by mapping out the sample. It should be emphasized
that the appearance of multiple peaks is often observed in
rocking curves of multicomponent bulk crystals such as SiGe
since the constitutional supercooling and strain, which are
inherent to the melt growth of multicomponent semiconduc-
tors, would lead to cellular growth and/or polycrystallization.
Therefore, the SiGe substrate used in this study is concluded
to be of high crystalline quality.
Figure 2 compares 2 / scan of 400 x-ray diffraction
of ten pairs of QWs sandwiched between nominally
250-nm-thick SiGe barriers grown on a Si and b SiGe
substrates. The total thickness of the epitaxial layers amounts
to about 2.5 m. In the case of the sample on Si, two main
peaks can be seen. The sharp peak at higher angles originates
from the Si substrate, and the broader one comes from the
epitaxial layers. The broadening of the peak is considered to
originate from the inhomogeneous fluctuation of the lattice
constant along the growth direction. This is a natural conse-
quence in the heteroepitaxy of thick film in the lattice-
mismatched system such as SiGe on Si since the total thick-
ness of the epitaxial film is far above the critical thickness of
the introduction of misfit dislocations. In contrast, one sharp
peak and fine oscillatory behavior are seen in Fig. 2b. No
obvious peak splitting in the main peak indicates that the Ge
composition in the epitaxial SiGe film is properly controlled
to match with that in the SiGe substrate. Furthermore, the
oscillatory behavior to be brought by multiple reflections
suggests that the repeated structures were realized on the
SiGe substrate.
The solid lines in Fig. 3 shows 9 K PL spectra of
strained QWs with nominal structures of a pair of strained
Si/strained Ge QWs between SiGe barriers grown on a Si
and b SiGe. The dotted line shows a spectrum from ten
pairs of QWs grown on SiGe. The PL spectrum from the
sample on Si is dominated by the peak from the Si substrate
and dislocation-related luminescence in the deep level. On
the other hand, two pairs of no phonon and its transverse
optical phonon replica were clearly seen in the spectra of the
samples on SiGe. The pair at higher energies originates from
the SiGe substrate and/or SiGe barriers. The pair at lower
energies is attributed to QWs, which shows that photogener-
ated carriers are effectively trapped and radiatively recom-
bined due to the band discontinuity induced by composi-
tional variation and strain introduction. One may argue that
the line position fits rather well to a strained single QW with
mean Ge content of 0.21 due to the surface segregation24
and/or interdiffusion at high growth temperatures.25 How-
ever, calculation predicts that such a single QW exhibits PL
at 1068 meV, which is strongly deviated from experiments.
FIG. 1. a Comparison of x-ray rocking curves of 400 diffraction from Si
dotted line and SiGe solid line substrates. b In-plane profile of the
linewidth of the rocking curves of the SiGe substrate.
FIG. 2. Comparison of 2 / scan of 400 x-ray diffraction of ten pairs of
QWs between nominally 250-nm-thick SiGe barriers grown on a Si and
b SiGe substrates.
FIG. 3. 9 K PL spectra of strained QWs with nominal structures of a pair of
strained Si/strained Ge QWs between SiGe barriers grown on a Si and b
SiGe solid lines. The dotted line shows a spectrum from ten pairs of QWs
grown on SiGe.
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Although some interface mixing is expected, observed PL
energy evidences that double QW nature is not completely
lost. Importantly, deep-level emissions are absent in the spec-
tra where even ten pairs of QWs are repeated, showing that
dislocation densities are drastically suppressed by employing
SiGe substrates.
It should be commented that we do not mean that
strained epitaxy on SiGe is always better than that on Si
since high-quality strained SiGe films on Si have been well
established, especially when the structures are designed to
avoid introduction of misfit dislocations.1 Present results im-
ply that high-quality SiGe bulk substrates are potentially ap-
plicable to various strain-controlled quantum structures for
improvements in material properties and device performance
which cannot be accessible by using Si substrates, since
more flexible material design is permitted due to the flexibil-
ity in lattice constants and band gaps by choosing proper Ge
composition.
In summary, we have shown that CZ-growth SiGe sub-
strates are of crystal quality comparable with commercially
available Si, and they are applicable to substrates for het-
eroepitaxy of strain-controlled Si-based heterostructures. The
latter was demonstrated by observation of deep-level-free PL
spectra from strained QWs grown on SiGe.
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